The DNA binding domain (DBD) 
INTRODUCTION
The tumor suppressor, p53, is one of the most frequently mutated genes in cancer (10) , and, in fact, it was the original observation that antibodies to p53 were often found in patients with a wide range of tumors (4, 6 ) that first indicated p53 might be associated with many different types of cancer. Expectedly, the presence of p53 antibodies appears to correlate well with the acquisition of p53 mutations, as 30%-40% of patients carrying a mutant p53 have been found to develop p53 antibodies (14) . While it may not be the first step in tumor progression, mutation of p53 appears to be an important component of the tumorigenic pathway because p53 mutations correlate well with more advanced stages of malignancy and lower overall rates of survival (1) . As a negative regulator of cell growth in response to DNA damage, p53 has long been thought to be indispensable to the survival of the cell. Paradoxically, removing p53 function in p53 knockout mice does not result in embryonic lethality, thereby hinting at some functional redundancy that must exist in p53 family members (7) . Indeed, the discovery of two additional members of the p53 family, p73 (11) and p51/Ket (17, 20) , representing two plausible replacements for p53 activity as a comparison of p53, p73 and p51 sequences, reveals substantial amino acid and structural homology.
Since p53 is so often found mutated in tumors and particularly in the most malignant subtypes, the concept of immunizing with mutant p53 to induce an immune response and eventual tumor rejection holds great therapeutic potential (18) . However, most p53 antibodies available today bind strictly to the immunodominant N-or C-terminal regions (12, 19) . Since these regions reside outside the DNA binding domain (DBD), they rarely acquire mutations to p53, and predictably, most p53 antibodies will not distinguish between wild-type and mutant p53. A rare and extremely valuable exception has been pAB240, which was derived originally from a denatured p53 (9), but which appears to react with most mutant p53 molecules. Following the elucidation of the crystal structure of p53 (5), an explanation for the broad reactivity of pAB240 was that a mutant conformation is unfolded, exposing the normally hidden pAB240 epitope (2) . A subtle and important distinction is that pAB240 does not actually bind to the DNA binding region of p53 but binds as a "pocket" antibody to the conformation presented by the surrounding region. Furthermore, previous attempts at generating peptide-specific antibodies have only succeeded in producing antibodies reactive to various regions surrounding the p53 DNA binding site, again not binding directly within this region (23) . Very recently, several small synthetic compounds have been identified that effectively bind to the p53 DBD, thereby stabilizing the conformation of a mutant p53 and slowing tumor growth (8) . During the course of examining differences between tumorigenic and nontumorigenic variants in a mouse T-cell lymphoma, we have found properties corresponding to malignancy or immunogenicity that could be traced to a p53 R246Q or G242S mutation, respectively (3) . In this paper, we now report a novel approach to generate peptide-specific antibodies to the DBD of p53 by coupling the highly immunogenic template assembled synthetic peptide (TASP) approach of peptide synthesis (15) with the ABL/MYC retroviral/immunization method for generating antigen-specific monoclonal antibodies (24) .
MATERIALS AND METHODS

Peptide Synthesis
Mutant p53 sequences corresponding to amino acid residues 240-251 were designed to be synthesized as TASP (22) with the following sequences: KH1-MAEAAMGSMNR -RPILTIG, KH2-MAEAAMGGMNR -QPILTIG, wherein both the aminoterminal MAEAA and the carboxy-terminal G are used as spacers. The peptides KH1 and KH2 ( Figure 1 ) were synthesized as mutants for residue 246 (KH1) or residue 242 (KH2). The 4 α helix bundles were generated using a convergent strategy with four identical chains ligated via chemoselective ligation (oxime bond formation) to a cyclic template molecule (21) . The individual building blocks were synthesized according to the Fmoc strategy on solid phase. After completion of the template sequence T:c[KK(S)GPK(S)KK(S) -GPK(S)], the four serine residues attached to the ε NH2 groups of the lysines were oxidized with NaIO4 to the aldehyde. The two helix sequences ( α 1 and α 2), each carrying an aminooxy acetyl function at the N terminus, were reacted in aqueous sodium acetate buffer selectively with the aldehyde groups of the template to yield the two 4 helix bundle TASP molecules KH1 and KH2, respectively (16) . The final products were purified by RP-HPLC and characterized by analytical HPLC and Echelle Spectrograph Spectrograph and Imager (ESI) mass spectroscopy.
Immunization and the Generation of a Monospecific Antibody
Two-to three-month-old BALB/c mice were immunized with the KH1 or KH2 TASP conjugates resuspended in PBS followed by a boost 14 days later. (24). Positive tumors were found in two mice for KH1 and in four mice for KH2 at 30 days postimmunization, which were labeled 1KH1, 2KH1, 1KH2, 2KH2, 3KH2 and 4KH2. Crude ascites from each positive tumor were assayed for activity against lysates prepared from the T-cell lines T-60 and T-25 Adh, derivatives of the S49 T-cell lymphoma. Nearly all plasmacytomas induced by conventional methods including mineral oil, pristane, v-abl plus pristane, E µ -cMyc/v-Hras, v-myc/v-raf and the ABL/MYC technique used here routinely generate only one antibody expressing a single Ig light chain and heavy chain. While it is unlikely, it is nevertheless conceivable that the original antibody could possibly be oligoclonal. Therefore, 3KH2 was transplanted by subcutaneous injection of tumor cells into syngenic mice, a method used successfully in a vast number of plasmacytomas for conversion from solid tumor to ascites (18) . In the current study, g1, g2 and g3 tumors were generated, which were shown to be monoclonal by specific reactivity to IgG only (as opposed to IgM, IgA, etc.). Monoclonality was further confirmed by Southern blot analysis of Ig light chain and heavy chain genes. Genomic DNA was isolated from KH2 g3 and from other plasmacytomas induced by mineral oil alone (MOPC265 in Figure 2 , lane 3), digested with Eco RI, Bam HI or Hin dIII restriction enzymes and were hybridized to IgJ κ , IgC κ , IgC λ and IgJh region probes following size separation and transfer to nylon filters. Upon examination for specific monoclonal rearrangements of the antibody genes, the expected germline Eco RI band of 6.6 kb and two IgJh rearrangements are evident in KH2 (designated "b" at 2.5 kb and designated "a" at 5.0 kb (in Figure 2 , lane 2). Typically, a nonproductive IgJh allele can often be found in concert with the productive IgJh allele when assaying Ig rearrangements, and we are confident this is the case with KH2, as there appears to be only a single Ig κlight chain rearrangement (data not shown).
Immunoprecipitation and Western Assays
Suspension cells from the T-cell lymphoma, T-60 (mutant at p53 residue 246), a variant of the T-60 lymphoma, T-25 Adh (an immunogenic T-cell lymphoma mutant at p53 residue 242), T1198 (a mouse plasmacytoma wildtype for p53), T1165 (mouse plasmacytoma wild-type for p53), Wilson (human Burkitt's lymphoma wild-type for p53) and Keeper (human Burkitt's lymphoma mutant for p53, R248Q) were disrupted by polytron followed by 1 mM PMSF treatment and centrifugation (15 000 ×g ) to make lysate preparations. For Western blotting, approximately 40-60 µ g whole cell lysate were heated at 100°C, subjected to PAGE and then transferred to nitrocellulose filters by electroblotting. Nonspecific binding was blocked by pre-incubating in 5% milk/TBS for 1 h at room temperature. The primary antibodies, KH2, p53 (Pab 246; Santa Cruz Biotechnology, Santa Cruz, CA, USA), p73 (C-20; Santa Cruz Biotechnology) or p51/Ket (R-20; Santa Cruz Biotechnology) were incubated overnight followed by three washes in TBS plus 0.01% Tween ® 20. Incubation for 1 h at room temperature with the secondary antibody (goat antimouse IgG) conjugated to horseradish peroxidase was followed by three washes as before. The membrane was then incubated in the chemiluminescence luminol reagent for visualization (ECL ® ; Amersham Pharmacia Biotech, Piscataway, NJ, USA). In the preparation of lysates for immunoprecipitation, cells (10 8 ) from a suspension culture of ABPC20 (a mouse plasmacytoma wild-type for p53) were resuspended in a lysis buffer consisting of 10 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, pH 8.0, 0.5 mM EGTA, 1.2% Triton ® X-100, 1 mM PMSF and 1 µ g/mL leupeptin. An appropriate dilution of the KH2 antibody was added to 1 mL lysate and incubated at 4°C overnight. Following a 2-3 h incubation at 4°C with a 50-µ L mixture of protein A (Sigma, St. Louis, MO, USA) and protein G agarose (Life Technologies, Rockville, MD, USA), the agarose beads were washed extensively with PBS.
For Western analysis after immunoprecipitation, the samples were resuspended in loading buffer, boiled (5 min) and size separated by PAGE (10%). Following electrophoresis, proteins were electrophoretically transferred to nitrocellulose followed by pre-incubation in TBS (with 5% milk) for 1 h at room temperature. The primary antibodies, KH2 or Pab246 (Santa Cruz Biotechnology), were incubated overnight followed by washes in TBS plus 0.01% Tween 20 (3 × ). The secondary antibody (sheep antimouse IgG; Amersham Pharmacia Biotech) conjugated to horseradish peroxidase was incubated for 1 h at room temperature followed by three washes as before. The membrane was then incubated in the ECL for visualization as before.
RESULTS
Peptide Immunization
To generate a highly effective monospecific antibody to the DNA binding region of p53, we have combined two novel protocols, TASP synthesis (15) and ABL/MYC retroviral induction of plasmacytomas (24) . The rationale behind this two-tiered approach was to couple the generation of a highly immunogenic (and soluble) peptide that could be used in the absence of carrier (which often interferes with reactivity to small peptides) with an efficient method of generating monoclonal antibodies via immunization/retroviral injection of mice. As described in Materials and Methods, 20 BALB/c mice were injected with highly purified preparations of peptides specific to the DNA binding region but mutant for p53 at residues 242 (KH1) or 246 (KH2). From the initial immunization/retroviral protocol, we obtained tumors (two from KH1 and four from KH2) for which crude ascites was tested for reactivity to the T-60 (246-Q) or T-25Adh (242-S). All antibodies appeared to react to the same-sized band of 53 kDa, with the exception of 4KH2, which also reacted to a larger species and was probably oligoclonal. From this initial study, the most highly reactive antibody, 3KH2, was selected for further specificity studies and will be referred to as KH2. As described in Materials and Methods, monoclonality was confirmed by isotype-specific reactivity to IgG and by direct Southern analysis of genomic DNA isolated from KH2 ascites cells (Figure 2 ).
Reactivity Pattern and Specificity of the KH2 Antibody
Specificity of the KH2 antibody was rigorously tested first by immunoprecipitation and then by Western blotting. In our initial immunoprecipitation experiments with KH2 on a mouse cell lysate (ABPC20, wild-type for p53), a number of bands including at least 3-7 visible bands by Commassie ® stain between the 47.5-and 73-kDa markers were observed (Figure 3 ). To elucidate which bands reacted with KH2, we turned to Western transfer and blotting of the filters. When the filters in Figure  3 (left panel) were re-incubated with the KH2 antibody, followed by sheep antimouse secondary antibody, a single distinct band of 53 kDa was observed ( Figure 3, right panel) .
As the size of the band recognized by KH2 was 53 kDa in size, we made a direct comparison of the size of the band generated by KH2 to that of the commercially available p53 antibody, Pab246. In this experiment, the KH2 antibody was used for the initial immunoprecipitation, the samples transferred to nitrocellulose membranes, separated and finally incubated with anti-KH2 (Figure 4, lane 1) or anti-p53 (Pab246) (Figure 4, lane 2) . Clearly, a distinct 53-kDa band reacted to both KH2 and p53. We also tested the specificity of KH2 against other members of the p53 family, including p73 and Ket, by combining immunoprecipitation with Western blotting. Repeating the KH2 immunoprecipitation followed by specific incubation with Ket or p73 antibodies showed no cross-reactivity, whereas KH2 or p53 antibodies reacted to a 53-kDa band as expected (data not shown). We also tested KH2 for reactivity to mutant or wild-type p53 as well as across species boundaries (i.e., mouse or human p53). In Western analysis, KH2 reacts exclusively with a single band of 53 kDa in both human and mouse lysates ( Figure 5 ). 
DISCUSSION
Previously, we had found that mutations in two distinct residues of mouse p53 confer vastly different phenotypic properties with regard to tumor malignancy and immunogenicity in a T-cell lymphoma. An R246Q substitution resulted in a highly malignant phenotype, whereas a G242S substitution appears to rescue this phenotype in an apparent gain of immunogenicity (3). Interestingly, the X-ray crystal structure of p53 offers an explanation as to how glycine at codon 242 might be particularly important to the structure of p53 (5). The L3 loop of p53 does not favor a side chain in the amino acid encoded at residue 242 (the equivalent residue to mouse 242 in human p53 is codon 245), while glycine permits a favorable conformation. Furthermore, the backbone carbonyl of glycine at residue 242 forms a hydrogen bond with an arginine at residue 246. It is quite likely, therefore, that residues 242 and 246 may be conformationally linked, and thus it may not be coincidental that residues 242 and 246 are the mouse equivalents to two of the most frequently mutated p53 residues in human cancer [i.e., residues 245 (6.0%) and 248 (9.6%), respectively]. These residues are also centrally located in the DNA binding region of p53, which has been essentially resistant to the generation of specific antibodies. Despite efforts to generate monoclonal antibodies that recognize mutant p53, past immunizations with full-length p53 have consistently generated monoclonal antibodies that were reactive to the N-and C-terminal regions of p53 (13, 19, 23) , and even removal of these classic binding sites from the immunogen has failed to yield antibodies specific to the p53 DBD. From the region in which we generated the KH2 peptide, we find an extraordinary conservation of amino acids (Figure 6 ), suggesting that the conformation as presented by the DBDs of p53, p73 and p51/Ket might be similar. We might have further predicted that antibodies rendered against a peptide from this region might recognize all three proteins, but this seems not to be the case.
By utilizing a novel technique of placing multiple peptides on a single template, we eliminated the need to use large carriers such as keyhole limpet hemocyanin (KLH), which frequently interfere with the specificity of the antibodies generated by conventional antipeptide modalities. We have combined the TASP synthesis with a method of generating monoclonal antibodies using the ABL/MYC system, which bypasses the need to use rabbits for immunization. A distinct advantage of the ABL/MYC system over hybridoma technology is that far less screening is necessary to identify monospecific antibodies to the immunogen. In the current study, 5/6 (83.3%) of the antipeptide antibodies generated by this technique show reactivity to p53 (with the KH2 antibody exhibiting the greatest reactivity). Previous studies have successfully generated antibodies to lysozyme as well as sRBCs with high efficiencies of 11/13 and 25/32, respectively (24) . One caveat is that, while it is clear that in the current studies KH2 reacts to the core of the wild-type p53 DBD, KH2 also reacts to T-25-Adh, which carries only a mutant p53 (3). Thus, KH2 will not distinguish between wild-type and mutant p53 ( Figure 5 reduce the thermodynamic stability of the DBD, thereby interrupting the function of p53 as a tumor suppressor and transcriptional regulator. To promote the activity of mutant p53, attempts have been directed towards stabilizing the DBD through physical interaction with antibodies or alternative compounds. While no antibodies have been found to date that react to the DBD, compounds have recently been identified that regenerate an active mutant p53 by assuming the conformation of the DBD (24) . The unlimited availability of compounds makes this approach invaluable and restricted only by the necessity to screen extremely large numbers of compounds to improve potency and ensure universal reactivity to all mutations. We would suggest that an antibody such as KH2 could be a useful intermediate in screening large numbers of compounds, as KH2 clearly assumes the conformation of the DBD of p53. Hence, anti-idiotypic antibodies to KH2 would react to the precise conformation assumed by the compounds desired and thereby assist in the selection of the most potent compounds capable of stabilizing p53.
